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I. OVERV I EW

We are studying implatLation doping, etching, contact formation, and

regrowth ot natural diamond, for future applications to the fabrication of

devices from thin film CVD diamond. In addition, we are characterizing thin

film diamonds of other ONR contractors, using ion beam methods.

1. DopIng

in diamond, implantation doping is difficult because the high annealing

temperature necessary to remove damage and to obtain efficient dopant

activation often causes graphitization. We have used an innovative co-

implantation of C plus the desired dopant at 77 K, followed by rapid thermal

annealing (RTA) or furnace annealing, to overcome this problem.

2. Etching

The removal of surface layers of diamond by polishing or chemical etching

is hampered by its extreme hardness and chemical inertness. We have

demonstrated that reactive ion etching with 0 is an effective method of

removing controlled amounts of diamond.

3. Contact formation

We have developed a new sputtering method of forming strong metallic

contacts to diamond at ambient temperatures, which may prove invaluable for

microelectronics and heat sink applications.

4. Regrowth

Factors affecting epitaxial regrowth of damaged natural diamond are

crucial for both ion beam doping and CVD growth. We have successfully regrown

C-ion implanted natural diamond layers by RTA or furnace anneals.

5. Characterization

We have measured the H, N, and 0 contents of CVD diamond and ion beam

deposited diamond films. We have also developed a coincidence ion scattering



met hod for studying impurity and dopant profiles in diamond.

II. RESULTS

1. lon implantation doping

Co-implantation of natural diamond at 77 K with C and B, followed b, A

at 1100°C has been effective in producing substitutional B. The resisti, 1

was reduced tc the very low level of 100 Qcm at 295 K, with a carrier
IS

activation energy of 0.1 eV for a sample implanted with 2x10 C and

3x10 B/cm2. A strong optical absorption band at 0.37 eV, corresponding to

that seen for type lib diamond, as well as unusual absorption bands near 1060
-1

cm were observed.

All of these absorption bands increased in magnitude with increasing B

dose. Both the low resistivity and the optical absorption bands were absent

for samples implanted only with C ions. These results were reported in refs.

4, 5, 7, 10 (see Appendices 1-3).

In addition, co-implantation of C plus N or P gave encouraging results,

as show'n by the resistance versus temperature data of Fig. 1. Preliminary

thermo-emf measurements showed that these implanted layers were n-type.

We have studied deep implants of C, B, C+B, and Cu in natural diamond,

with the object of improving the epitaxial regrowth because of the constraint

of relatively good diamond above the damaged layers. Excimer laser annealing

as well as conventional annealing was used for these studies. In addition, .je

have implanted As and Li and will implant F in order to obtain n-type doping.

Outstandlng results have been obtained by C+In implants at 293 K. In

this case, perturbed angular correlation (PAC) results have shown that

subsequent annealing at 100°C caused 15-20% of the In atoms to reside at well

defined lattice sites, probably associated with single vacancies. Such

experiments could be used to measure the migration energies of both self-

interstitials and vacancies in diamond, by the shrinking or growth of the In-

vacancy defects.



2. ELcnIng

Etching of natural diamond has been achieved using oxygen and hydrogen

plasmas. Etching rates ot 35 nm/mmn were achieved using 300 eV oxygen ions.

Adding as much as 85% argon to the reaction chamber did not reduce the etch

rate (ref. 6; see Appendix 4). In addition, etching was studied with gas

mixtures such as CF,+Oz and SF6+0 2 . So far, pure oxygen seems to give the

maximum etching rate. We plan to experiment with pure F 2 in the future.

3. Contact formation

An Ar sputtering method (patent pending) for preparing diamond surfaces

was found to enhance greatly the contact strength of deposited Au films. The

films were also much smoother after this treatment (Ref. 11). Current versus

voltage measurements on natural semiconducting type IIb diamonds deposited

with gold electrodes using the above method demonstrated ohmic type behavior

(see Appendix 5).

4. Regrowth

The epitaxial growth of diamond, either during CVD or ion beam

deposition, or after damaging by ion implantation, is important in developing

diamond opto-electric devices. We have observed that good epitaxial regrowth

of C-implanted natural diamond is achieved by either RTA at 1100C or by

furnace vacuum annealing at 700-900'C (refs. 8,9) when the diamond structure

was not completely randomized. If the diamond was randomized (as observed by

ion channeling), good epitaxial regrowth was achieved by furnace annealing,

but a thin graphite layer was formed on the surface. This effect indicated

that a constraining diamond layer over the damaged layer prevented graphite

formation (see Appendix 6).

We plan to continue studies of regrowth, with emphasis on the influence

of (1) implantation depth and (2) added impurities such as F and H.

5. Characterization

Elastic recoil detection was used to measure the H content of CVD thin



films from PT' as described in the previous annual report. Nuclear react

analysis was used to measure 0 and N conLents of i,,:-. deposited samples from
16

the University of Houston. Nuclear reaction analysis of N and 0 can be

achieved using deuteron ( If+) or 3H+ ion beams (refs. 14,15). The cross

sections [or Lhe reactions N(d,p) , dp) 0 and 60( He, a) 1 are a

few mb sr , giving a sensitivity of about 10 atoms cm 2 or one-tenth of a

monolayer, depending somewhat on the substrate. The disadvantages -f tb

deuteron analysis are that backgrounds arise from reactions both with tnc

substrate and with accumulated deuterium, and that neuLron radiation aris, s
3

from deuteron interactions. The use of the He avoids these problems, and is

this attractive for oxygen analysis (Ref. 15). A concentration-depth prufile

can also be obtained by standard energy analysis of the emitted particles. We

found that the ion deposited diamond-like films contained less than 1 %

oxygen.

We have also done preliminary ion channeling measurements of the quality

of homoepitaxial diamond films from RTI. By the channeling method, the

perfection of the diamond film can be. determined. Specifically, the defect

structure, mosaic spread, and lattice strain can be measured. These

preliminary measurements were reported at the Diamond Technology Initiative

Symposium in July 1989.

In addition, we have measured the quality of Ni crystals and Cu-Ni

strained layer superlattices prepared at RTI for heteroepitaxial growth

studies.

We have developed a new ion beam coincidence method Lo measi'_

concentration-depth profiles of impurities in thin films of diamond (ref.

16). The idea behind the method is that measurement of the energies of both

the scattered ion and the recoiled impurity atom in coincidence gives the same

depth information as that obtained by the conventional measurement of the

energy and scattering angle of one particle. Thus ALec'urs can be positioned

very close to the sample, so that the counting efficiency :an be greatly

increased. This method has been used for thin Si crystals, and will be tried

for diamond films soon.



Ill. CONCLUSIONS

Our implantaLion doping methods have great promise to achieve p- and n-

type doping in diamond. Results with B and preliminary data for N and P are

encouraging. ConsequenLv, viable device fabrication is possible. Our plasma

etching results (as wcti as those of Geis) demonstrate the feasibility of

diamond lithograpny. Our sputtering method to improve contact adhesion will

ta'ilitate many diamond applications.
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ION IHPLANIATION OF BORON IN DIAMOND

C.S. SANODHU, M.L. SWANSON and W.K. CHU
University of NorLh Carolina, Department of Physics and Astronc
Chapel Hill, NC 27599-3255, USA

ABSTRACT

It has been a challenge to inject dcpant atoms onto diamond lattice sites by
ion implantation, because of the complications of ion damage and defect
clustering during annealing. We re-investigated this topic by implanting
boron ions into an insulating natural diamond ( type I-A ) which was pre-
damaged by carbon ion implantation. Both of the implantations were performed
at liquid nitrogen temperature. The amount of pre-damage was adjusted to
produce enough vacancies and interstitials in diamond to promote boron
substitutionality during subsequent annealing. Samples were characterized by
optical absorption and electrical measurements. It was found that optical
absorption of the implanted samples strongly depends on the post implant
annealing sequence. The activation energies obtained from electrical
measurements match very closely to those due to boron atoms in natural p-type
diamonds. Photoconductivity measurements showed that the fraction of
remaining electrically active radiation defects in the implanted and annealed
samples depends on the relative fluences of boron and carbon.

INTRODUCTION

Diamond based semiconductor devices may turn out to be of significant

importance thanks to the unique physical and electronic properties of
diamond. Few such devices have been realized till now because of difficulties
in doping. Standard doping techniques such as diffusion or introduction of
impurities during crystal growth are not applicable because of the high
temperatures required for the former and the absence of any reliable technique
for the latter. Therefore, the most promising way to dope diamond in a
controlled manner is by means of ion implantation. So far, this method has
yielded only limited success (1,2] because it requires finding annealing
conditions which will drive the implants into electrically active sites and
restore the diamond crystal structure, a task which is complicated by the

tendency of the damaged diamond to turn into graphite [3,4]. When the ion
'.dose is low enough to prevent graphitization, very few of the dopant atoms end
up in electrically active sites [1,4].

It has been shown [5,6] that boron is responsible for the semiconducting
properties of p-type natural diamond (type Il-B). Consequently, it is very
desirable to use boron as a test case for achievement of implantation doping
of insulating natural diamonds (type II-A). A number of groups have attempted
to achieve p-type doping in natural diamonds by ion implantation of boron at
room temperature (1,2] as well as at high temperatures [2] ( 1200 °C ),
followed by annealing up to 1400 °C. It was observed that although high
temperature implantation allowed higher doses of boron to be implanted with
relatively less damage to the diamond lattice, it did not lead to higher
fractions of dopant atoms in electrically active sites. This could result
from the compensation by vacancy clusters in the lattice left in the aftermath
of the implantation and annealing cycle. Once formed, these vacancy clusters
are very difficult to eliminate.

Mat R., Soc Symp PNoc Vol t5 - lWg Mall.l, Resel,ch S-ocely
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Studies on carbon ion implantation into d:amond have indicated that the
radiation damage introduced during implantation shows characteristics which
are strongly dependent on the sample temperature during the implantation
[7,8]. It was suggested that this is caused by the non-diffusability of point
defects created in the collision cascades at low temperatures (for example
liquid nitrogen temperature), whereas at room and higher temperatures, at
least some of the interstitial atoms diffuse out of the implanted layer
leaving behind an excess of vacancies. This suggests the possibility of using
low temperature implantation to enhance the probabilty of interstitial dopanLs
occupying vacant lattice sites during the annealing subsequent to
implantation, as suggested by Prins [9). In addition to this, some of the
'frozen in' boron projectiles resulting from the previous boron cascades

spontaneously combine with vacancies in the later collision cascades. In the
present experiment, through the use of carbon implantation at 77 K we have
injected vacancies at a range which overlaps subsequent boron implantation at
77 K, thereby enhancing the boron substitutionality.

EXPERIMENTAL

We have implanted insulating natural diamonds ( type II-A ) with carbon
atoms with and without subsequent boron implantation at liquid nitrogen
temperature, Type II-A diamonds of dimensions 3x3xO.25 mm were cleaned in hot
chromic acid prior to implantation. After implantation som of the diamonds
were subjected to isochronal annealing in vacuum ( 5x10- Torr ) in the
temperature range of 300 to 900 °C and others were subjected to rapid thermal
anneal at 1100 °C for 2 minutes. The implantation energies were selected so
as to match the range of boron ions to that of the vacancy distribution
produced by the previous carbon implantation. This was achieved with the help
of computer simulations using the TRIM-88 program [10]. The probability of
boron atoms occupying vacant sites in the lattice is expected to be enhanced

during irradiation and post implant annealing if most of the boron atoms are
in the vacancy-rich region. This argument is not applicable in the case when
only boron is implanted. The various implantations into type II-A diamonds
are summarized ix, table I.

TABLE I

.......................................................................

SAMPLE IMPLANTED ION ENERGY (keV) DOSE (atoms/cm
2
)

.......................................................................

I C 200 2xlO
1 5

2 C 200 2x1O
1 5

followed by B 120 IxlO
1 4

3 C 200 3xlC
15

followed by B 120 1x1O
1 5

4 C 200 2x1015

followed by B 120 3xl014

5 C 200 3x1014

followed by B 120 lIlO
1 5

All the implantations were done at liquid nitrogen temperature, and the
samples 3 and 5 were then brought to room temperature gradually. The samples
1, 2 and 4 were rapidly brought to 1100 °C from liquid nitrogen temperature.
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All the optical measuremen ts were performed at room temperature in the

transmission mode. Photoconductivity measurements were done on samples 3 and
5 at room temperature using a Xenon lamp and a monochromator to scan the
wavelength region between 350 run to 700 nm.

RESULTS AND DISCUSSION

The optical absorption spectra of all the diamonds were measured before
and after ion implantation followed by room temperature annealing, and after
higher temperature annealing in some cases. The results of these measurements
are shown in figures I and 2. Figure 1 compares the absorption spectrum of
samples 1 and 2 in the UV-VIS region after RTA and furnace annealing. It
shows the radiation damage induced absorption band (CR1) [5,111 after
implantation. The gradual annealing of the radiation damage has been observed
to appear as a decrease in absorption of the GRI band and a more dramatic
upward movement of the absorption edge at 220 rim (121. The samples implanted
with boron have higher transmission near the absorption edge which could
result from compensation of CRI defect centers by acceptor levels induced by
substitutional boron. This behaviour has been observed in natural p-type
diamonds containing substitutional boron atoms [131.

The absorption spectra for sample 4 at different stages of annealing in
the far infrareij region is shown in figure 2. The large absorption band
around 2200 cm is due to two phonon absorption by carbon atoms in the
diamond lattice 1141 and is present in all diamonds. The most intriguing
feature of the spectra appeared at 1064 cm after implantation and RTA. This
absorption band was absent before implantation and is seen only when
imolantation was followed by RTA at 1100

0
C. It disappeared after 980 °C

annealing for 45 minutes in all the samples. This absorption was not observed
when samples were gradually brought to room temperature after implantation and
then annealed. We tentatively believe that the absorption band around 1064

cm
-I 

is related to nitrogen similar to the bands observed in the case of type
IA natural diamonds containing large amounts of nitrogen [15]. The trace
amounts of nitrogen clusters present in our samples presumably dissociated
during RTA.

The results of the resistance versus temperature measurements done on
samples 3 and 5 are shown in figure 3. The three orders of magnitude
difference in resistance between samples 3 and 5 is significant in the light
of the fact that they received the same boron fluence. The higher carbon
fluence in the case of sample 3 produced larger numbers of vacancies which
enhanced the probability of a bcron atom to go into a substitutional site
during the annealing cycle. Both of the samples demonstrated low activation
energies at room temperature which are thought to be caused by conduction
through the variable range hopping mechanism. However, a larger activation
energy (0.37 eV) characteristic of p-type conduction by boron doped natural
diamonds was observed at higher temperatures. The 0.86 eV activation in the
case of sample 3 is due to interplay between substitutional boron atoms and
residual defects in diamond [16].

Figure 4 shows the photo-resistance of sample 5 as a function of
wavelength of the incident light. The decrease in the resistance in the
presence of blue to u.v. light is caused by creation of holes by ionization of
GRI defect centers in diamond (11. The most striking feature of the
measurement was the increase in the resistance of the sample to values higher
than dark resitance in the presence of yellow to red light with a peak at 600
run. This could happen due to the light induced enhancement in the hole
capture cross-section of GRI defects in diamond. After the photoconductivity
measurements, the dark resistance of the sample did not go to the same value
as hefore the experiment. The resistance did however decrease to the normal
value after the sample was annealed at room temperature for a few days.
F,:.- j--r studies to determine the mechanism causing this phenomenon are in
prog:ess. However, the absence of any measurable photoconductivity for blue
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to u.v. light in sample 3 indicates that the majority of the carrers are
produced by substitutional boron acceptors and that most of the residual

damage is compensated by boron acceptor centers.

CONCLUSIONS

We have shown that substitutional boron is produced by low temperature
implantation followed by high temperature annealing. The optical absorption

of implanted samples was found to strongly depend on the post implant
annealing sequence as well as the relative dose of boron to carbon ions.
Electrical measurements indicated the presence of substitutional boron in
implanted samples. Photo-conductivity measurements indicated that the ratio

of substitutional boron to residual vacancies is large and dependent on
relative fluences. The number of residual vacancies in the lattice after

annealing would tend to compensate p-type boron atoms and therefore would play
a major role in determining the degree of success in doping of diamond.
Further work to understand the results of IR absorption and photo-conductivity

measurements are in progress.
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ABSTRACT

We have implantec ooron ions into insulating natural damonds (type l-; which were

predamaged by carbon ion implantation fo enhance the doping efhciency. Boin

implantations were performed at liquid nitrogen temperature. Samples which were

subjected to rapid fhermal annealing (RTA) at 1100 oc showed an optical absorption peak
af 2962 cm "1 similar to the one observed in natural semiconductinc diamonds. The most

intriguing feature of the specfra appeared as an absorption band around 1054 cm "1 The

activation energies obfained from electrical measurements were found to decrease with

the increasing boron fluence. We have obtained resistiviO*es of 200 ohm-c-, in samples

with starling theoretical resistivities of the order 1017 ohm-cm.

INTRODUCTION

Ion implantation is fhe most promising technique to dope diamonds in a controlled

manner. So far, this method has yielded only limited success 1,2 because it requires

finding annealing conditions which will drive the implanted atoms into electrically

active stites and restore the diamond crystal structure, a lask which is co,.zlicated by

the tendency of the damaged diamond to lurn into graphite-3 . When the ion: dose is low

enough to prevent graphitizafion, very te-.,. of the dopant aoms end up in L-tectrical!y

active siles1 ,4 .

It has been sl-own5, 6 that boron is responsible for ihe semiconducn-.g propert"es

of p-type natural diamond (type Il-B). A number of altempis to achieve p-t,;pe doping

in natural diamonds by ion implantation of boron at room lemperature t .2 as well as at

high lemperatures 2 ( 1200 oc ), followed by annealing up to 1400 0C ha-.a met only

with a limited success. It was observed that although at high temperatures one could

implant higher doses of boron with relatively less damage to the diamond ;al:ice. it did

not lead to higher fractions of dopant toms in electrically aclive siles. This c-ould result

from the compensation by deep electronic levels caused by residual detects in the

aflermalh of the implantation and annealing cycle.

1t0 8S M terii'r nfesearch Sicielv, Extended Abstract (EA-19)



11 has been observed that the radiation da,7c39 nliOdmuCel c_.;, carljon

rnpcY~a o~nlodamndhows charactenis tcs which are strongly depe,-tent on the

.w-r7: cneralure during the irnpiantahion7' 8 - It was suggested tha; this is causod by

not -,on-d:,sability of point detects creaed in !he collision casoades at tow-

:on~ e-e~'c for examnple liquid nitrogen temperalure' ?,hereas all roo,- and higher

emperalures, at least some of the interstitial atoms d~ffuse out of ;he i:-,.:_ented !aye(

leaving behind an excess of vacancies. This suggests the possibility c' using tow

temperature implantation to enhance the probability of dopants occupying vacant lattice

sites during annealing9 .

TABLE 1.Summary of process parameters for various Ion fmpfantations into diamond.

-' See reference 1 1 to( details on samples t and It.

SAM2, LE IMPILANTED ION ENERGY (key) FLUENCE (atom-,slcm 2 )

C 200 2x101 5

2 C 200 2010 1 5
foilowed by B 120 1X101 4

3 C 200 2x10 1 5

fclowed by B 120 3x10 1 4

4C 200 x15
ficovved by B 120 6X10,-

C 200 3 X I ",
tcowed by 8 120 1 x10

f I C 200 2x10', 5

fciowed by 6 120 ixi,01

F6KPERlf.I ENTAL

Vie implanted insulating natural diamonds ( typu 11-A ) with carbon atoms with

anid wi:rrout subsequent boron implantion at liquid nitrogen temperature. Type ll-A

di'anronos of dimensions 3x3x0.25 mm were cleaned in hot chromic acid prior Ic

"-.:tan~a:ion The implantation energies were selected so as to match the range of boron
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ions to ihat of tme vacancy distibution produced by the prm.ous carb,-' inpanInation

The probabiiy c' Woron atoms occupying vacant sites in the lattice is expecled to be

enhanced drinc rradiation and p:st implant annealing it mos, of ire boru n atoms are ii

ha vacanc,--rchi 'gioi: Trfls argL:nenl is no! applicable in li-e case ,,rc c:u;y boron is

implanted. The various irnplantations into type i-A diamonds are sumrna-. ccd in table 1L

After impptatc me diamonds were subjeced to rapid thermal annea ,ng at 1100 OC

for 2 minutes. The samples were kept at 77 K between the implantalion and a-rf~aiinc

steps Al! th, e s.mples were then partially masked and implan.:ed ,,,;ilh 6c k.eV boron ions

to 3x101 6 ,'cr 2 a: room temperaure in order to make ohmic contacts !t (he imp:arted

layer. Afle, op :.a! measurements, some of he samples were furnace a-neaed at 930

00 for 45 minutes.

RESULTS AND DISCUSSION

The optical absorption spectra of all the diamonds were measured before and after

ion implantation followed by RTA and contact implanlation. Figure 1 shows the

absorption spectra for sample 4 in the tar infrared region taken after implantation and

RTA. The large absorption band around 2200 cm t is due to two phonon absorpion by

carbon atoms in the diamond lattice t 0 and is present in all diamonds. The absorption

peak at 2962 cm-1 is very close to the one observed to occur in natural semiconducting

diamond due to substitutional boron impurities 1 ° . The most intriguing feature of the

spectra appeared as a band around 1064 cm "1 for all three boron implanted samples

with much more detailed features visible in the case of sample 4. This absorption band

was absent before implantation and was seen only when implantation was followed by

RTA at 1100 oC. It disappeared after 980 oc annealing for 45 minutes in the samples 2

and 3. This absorption was not observed in a similar sludyt 1, when samples were

gradually brought to room temperature after implantation and then furnace annealed.

One could explain the absorption band around 1064 cm "1 as being related to nitrogen

similar to the bands observed in the case of type IA natural diamonds conlaining large

amounts of nitrogen 1 2 . The trace amounts of nitrogen clusters presernt in our samples

presumably dissociated during RTA. On the other hand, the obvious relationship between

this band and the boron fluence tends to suggest thaI implanted boron atoms are som.ohow

directly involved in producing this absorption band. There is no report in the literature

about this apparently new type of absorption center in radiation damaged diamonds.

The results of the resistance versus temperature measurements done en samples

2 and 3 are shown in figure 2. Both of the samples demonstrated low activation energies
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FIG.1 I.R. absorption spectra of ,sampte 4 (see Table I) after imptanlaiion plus RTA. The

sample was held at 77 K durnn0 implantahion and then rapidly' healed to 1100 0C.

For comparison, the spectrum of type ttb diamond is also shown.
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FIG.2 Electrical resistance versus reciprocal temperature for samples 2 and 3 (see

Table 1) after 1100 oC RTA and 580 °C arnpling for 45 mtnutes For

comparison, the plos for samples I and h1 (see Table l) which weretbrough to
room temperature afler implantation and Ihen furnace annealed uplo 900 °C are

,31so showni
11



a!corn !iporaurc. winlch aro attri!-uted :D cano jc:;on irrou;g> i:

nc~p>~ C'Th2 nrnc~uccc cslj?~:c~i ~sc 27

st~mtC :C~flC'Jonly..t Carh oil V.05 Cea-3er tlrs::

suDporls our ccnousiofl !hat most oft he ca:es ere rcc

-rCPIo Ir 01c, ~, c..: er-erc;, of

sampe 3 which rce,2ved a higher boron dise low~er than) 1;,a' am~

these samples dd not demionstrate the range rc' activation energa., sreen in !;:) cc:s . o

samples were implanted under similar coc-. 'ons and cra2da ., anneale-d toice

te -,peratures (samples I and Ii in Table I a'C figure 2)9-. 1-14 V bn'E ,,e !;ra: '.-.s is

cue to more efftcient vacancy interstiita recombinatron cyin7o RTA erare

immediately after the 77 K implantation. DLur-ng RTA, both in~ers :ials an-d vacarcies

became mobile thus enhancing the etfective cross-section for V2cancy-iniersiial

* recombination. Our recent RBS/channeling resutts have shown thnat most ot the low

temperature implantation damage is annealed out during RTA15 . Consequently, we were

able to obtain the same range of resistivities with a much lower bzoron fluence than in

our previous experiments (samples I and 11 in, Tabte I and figure 2):

* tn summary, through the use at carbon implantation at 77 K we iniecied

* vacancies at a depth which overlapped subsequent boron implaniation at 77 K, thereby

* enhancing the boron substitutionality. Moreover, we heated the samples rapidly from

* 77 K to 1100 OC after implantation, thereby further increasing the probability of

vacancy-interstitial recombination. Compared with the earlier furnace annealed

samples, this technique produced lower resistivities and activation energies at lower

boron fluences, indicating higher activation of boron atoms. lnfrarec abscorotion

measurements revealed an absorption peak at 2962 cm*I which is vary close to the ne

observed in natural boron doped semiconcucting diamonds (2293- cm*'). An ctica.

absorption band at 106'4 cmt1 was observed after implantatcrr and RTA v~hich

disappeared after subsequent furnace annealing Further wormK to epa~n the da~a of R2

absorption is in progress.
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Doping of diamond by coimplantation of carbon and boron -
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We have implanted boron ions into insulating natural diamonds which were predamaged by
carbon ion implantation in order to enhance the doping efficiency. All implantations were
performed at liquid-nitrogen temperature. Subsequent rapid thermal annealing at 1100 C
produced strong new optical absorption bands near 1060 cm-', and a sharp absorption at 2962
cm-' (0.37 eV) which is close to that attributed to substitutional boron in type IIB diamond.
We obtained resistivity of the order of 100 fl cm and carrier activation energy of 0.1 eV for a
sample implanted with 2 x 10 C and 3 X 10"' B per cm', indicating a high substitutional
fraction of boron atoms.

It is very difficult to dope diamonds by standard diffu- plantation at liquid-nitrogen temperature. Type IIA dia-
sion techniques because of the high melting temperature of monds of dimensions 3 X 3 X 0.25 mm were cleaned in hot
diamond. Ion implantation is the most promising technique chromic acid prior to implantation. The implantation ener-
to dope diamond in a controlled manner. So far, this method gies were selected so as to match the range of boron ions to
has yielded only limited success' 2 because it requires finding that of the vacancy distribution produced by the previous
annealing conditions which will drive the implanted atoms carbon implantation. The probability of boron atoms occu-
into electrically active sites and restore the diamond crystal pying vacant sites in the lattice is expected to be enhanced
structure, a task which is complicated by the tendency of the during irradiation and post-implant annealing if most of the
damaged diamond to turn into graphite. 4  boron atoms are in the vacancy-rich region. This argument is

It has been shown5"6 that boron is responsible for the not applicable in the case when only boron is implanted. The
semiconducting properties of p-type natural diamond (type various implantations into type IIA diamonds are summar-
IIB). A number of attempts to achievep-type doping in nat- ized in Table I. After implantation the diamonds were sub-
ural diamonds by ion implantation of boron at room tern- jected to rapid thermal annealing (RTA) in Ar at 1100 *C
perature'' 2 as well as at high temperatures2 (1200 *C), fol- for 2 min. The samples were kept at 77 K between the im-
lowed by annealing up to 1400 *C have met only with a plantation and annealing steps. All the samples were then
limited success. It was observed that although at high tem- partially masked and implanted with 65 keV boron ions to
peratures one could implant higher doses of boron with rela- 3 X 106/cm' at room temperature in order to make ohmic
tively less damage to the diamond lattice, this procedure did contacts'0 to the implanted layer. After optical measure-
not lead to higher fractions of dopant atoms in electrically ments, the samples were furnace annealed at 980 *C for 45
active sites. This could result from the compensation by deep min.
electronic levels caused by residual defects in the aftermath Figure 1 shows the absorption spectra for sample 4 in
of the implantation and annealing cycle, the far-infrared region taken after implantation and RTA.

It has been observed that the radiation damage intro- The large absorption band around 2200 cm-' is due to
duced during carbon implantation into diamond shows phonon absorption by carbon atoms in the diamond lattice"
characteristics which are strongly dependent on the sample and is present in all diamonds. The absorption peak at 2962
temperature during the implantation.7': It was suggested
that this is caused by the nondiffusability of point defects
created in the collision cascades at low temperatures (for TABLE I. Summary of process parameters for various ion implantations
example, liquid-nitrogen temperature) whereas at room and into diamond. See Ref. 12 for details on samples l and II.
higher temperatures, at least some of the interstitial atoms Energy Fluence
diffuse out of the implanted layer leaving behind an excess of Sample Implanted ion (keV) (10"' atoms/cm2)
vacancies. This suggests the possibility of using low tempera-
ture implantation to enhance the probability of dopants oc- I C 200 2
cupying vacant lattice sites during annealing.9 In addition to 2 C 200 2

followed by B 120 0.1this, during the low-temperature implantation, some of the 3 C 200 2
"frozen-in" boron projectiles resulting from the previous bo- followed by B 120 0.3
ron cascades spontaneously combine with vacancies in the 4 C 200 2
later collision cascades. followed by B 120 0.6

5 C 200 2
We implanted insulating natural diamonds (type IIA) followed by B 120 1

with carbon atoms with and without subsequent boron im- I C 200 3
followed by B 120 1

If C 200 0.3

Presently at Texas Center for Superconductivity, University of Houston, followed by B 120 1
TX 77204-5506.
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FIG. I[JR absorption spectra of sample 4 after implantation plus RTA. The
sample was held at 77 K during implantation and then rapidly heated to I T(K)

1100 *C. For comparisnn, the spectra of type IA and JIB diamonds in the FIG. 2. Electrical resistance vs reciprocal temperature for samples 2 and 3
region of interest are also shown. after 1100 *C RTA and 980 "C annealing for 45 min. For comparison, the

plots for samples I and 11 (see Table I) which were brought to room tem-
perature after implantation and then furnace annealed up to 900 *C are also

cm -' (0.37 eV) is very close to the one observed to occur in shown.

natural semiconducting diamond due to substitutional bo-
ron impurities. t ' The difference in absorption characteristics
and a shift of 5 meV in the implanted samples could arise resistance of sample 1, implanted only with carbon, was
because of the Jahn-Teller distortions due to insufficient an- greater than 2 X 10's fl, which further supports our conclu-
nealing after implantation. sion that most of the carriers were generated by substitution-

The most intriguing feature of the spectra appeared al boron acceptor levels. It is significant that the resistivity
from 800 to 1300 cm- (largest band near 1060 cm -') and and activation energy of sample 3 which received a higher
was seen only when implantation was followed by RTA at boron dose are lower than that of sample 2. Moreover, these
1100 *C. This absorption was not observed in a similar samples did not demonstrate the range of activation energies
study, 2 when samples were gradually brought to room tem- seen in the case when samples were implanted under similar
perature after implantation and then furnace annealed. Both conditions and gradually annealed to higher temperatures
the 2962 and 1060 cm - -absorptions increased for sample 5 (samples I and II in Table I and Fig. 2).9' 12.20 It is
(Table I) which received a higher boron fluence. One could noteworthy that samples I and II showid activation energies
explain the absorption band around 1060 cm ' as being re- around 0.37 eV at higher temperatures which is known to be
lated to nitrogen similar to the bands also shown in Fig. 1) caused by the ionization of substitutional boron acceptors in
observed in the case of type IA natural diamonds containing diamond. ' " Therefore, unlike in the case of RTA samples,
large amounts of nitrogen.' 3 On the other hand, the obvious the substitutional boron atoms in the furnace-annealed sam-
differences in energy of the absorption bands for implanted pies were presumably not sitting close enough in the dia-
and type IA diamond and, the observed increase in intensity mond lattice for an appreciable overlap of electron wave
of this band with boron fluence tends to suggest that the functions to occur. We believe that this is due to more effi-
implanted boron atoms are somehow directly involved in cient vacancy interstitial recombination during RTA per-
producing this absorption band. There is no report in the formed immediately after the 77 K implantation. During
literature about this apparently new type of absorption cen- RTA, both interstitials and vacancies became mobile thus
ter in radiation-damaged diamonds. enhancing the effective cross section for vacancy-interstitial

The results of the resistance versus temperature mea- recombination. Our recent Rutherford backscattering/
surements done on samples 2 and 3 are shown in Fig. 2. Both channeling results have shown that most of the low-tem-
of the samples demonstrated low activation energies at room perature implantation damage is annealed out during
temperature which are attributed to conduction through RTA.2' Consequently, we were able to obtain the same range
variable range hopping' 4 between acceptor centers produced of resistivities with a much lower boron fluence than in our
by substitutional boron atoms. '"- It has been observed that previous experiments (samples I and II in Table I and Fig.
for heavily doped natural, 6 synthetic,''" and chemical va- 2).1 2

por deposited' 9 diamonds, impurity band conduction is the Photoconductivity measurements were done at room
dominant conduction process which accounts for the wide temperature using a xenon arc lamp and a monochromator
range of activation energies seen in those experiments. The to scan the wavelength region between 300 and 700 nm. Fig-

1398 Appi Phys. Lett., Vol. 55, No. 14. 2 October 1989 Sandhu, Swanson, and Chu 1398



'01, vation energies at lower boron fluences, indicating higher
substitutionality of boron atoms. Photoconductivity mea-

Dak Resistance surements confirmed that a majority of the carriers were
produced by substitutional boron acceptors. Optical absorp-0 0

sa pl tion bands near 1060 cm -' were observed after implantation
Sam . I and RTA. Further work to understand the IR absorption

0 data is in progress.
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APPENDIX iV

Reactive ion etching of diamond
G. S. Sandhu and W. K. Chu "t

Department of Physics & Astronomy. University of North Carolina a( Chapel Hill.
North Carolina 27599-3255

(Received 6 February 1989; accepted for publication 22 May 1989)

A reliable means of removing surface layers of diamond is of significant importance for
microelectronics as well as for other applications such as polishing of the diamond surface.
Preliminary studies using reactive ion etching with 02 and H2 showed etching rates of the
order of 560 A/min for thin carbon films and 350 A/min for natural type I1-A diamonds using
300 eV oxygen ions. Addition of a substantial percentage of Ar to oxygen in the reaction
chamber did not affect the etching rate.

Since diamond is chemically inert and is the hardest densities of carbon films and diamond for all the tested con-
material known to man, a reliable means of removing surface ditions.
layers of diamond in a controlled manner is a difficult prob- The thickness of the carbon films before and after the
lem, but nonetheless is of significant importance for micro- RIE step was measured by Rutherford backscattering
electronics as well as for other applications such at gem po- (RBS) a-lysis using a 2 MeV He ion beam. Figure I shows
lishing. Reactive ion etching (RIE) in conjunction with the RBS spectra for a thin carbon film on a glass substrate
photolithography might be the most suitable technique for before and after 3 min RIE in an oxygen plasma. The signal
fabrication of various device structures on diamond for mi- from Si and 0 in the glass substrate is seen at higher back-
croelectronics applications. Diamond-based semiconductor scattering energies and increased in energy as the carbon
devices '-. may turn out to be of significant importance due to film on the top was etched. The thickness of the carbon film
the unique physical and electrical properties of diamond. was computed by measuring the full width half maxima
The recent sucess with the growth of chemical vapor depos- (FWHM) of the carbon peak.
ited diamond has made it possible to consider diamond as an We have obtained etching rates of the order of 560 A/
economically feasible material for such applications. min for thin carbon films and 350 A/min for natural type II-

Ion beam assisted etching of diamond using a 2 keV A diamonds using 0.4 keV oxygen ions at an oxygen flow of
Xe' beam and a reactive gas flux of nitrogen dioxide has 80 cc/min and a vacuum of 65 mTorr inside the chamber.
been reported in the literature.3 The etching rate was ob- The same experimental setup was used to obtain etching
served to vary from 500 ,/min at 100 "C to 2000 A/min at rates of 300-400 A/min for synthetic diamond samples pro-
0 *C. In addition, sputtering of diamond with argon and oxy- cured from Crystallume Corp. Use of hydrogen for RIE
gen ion beams has been reported.' It was found that the sput- etching gave etching rates lower than that for oxygen. Table
ter yield of oxygen ions varied with the incident angle of ions I shows that this trend in etching rates observed in our exper-
and that increasing the energy of oxygen ions from 0.5 to 1.0 iment is in broad agreement with the heats of formation and
keV did not necessarily lead to an increase in sputter yield, reaction rates for CO, C0 2, and CH4 in the gas phase.

We have studied the reactive ion etching with 02 and H2  We also used argon-oxygen gas mixtures for our RIE
for the etching of diamond surfaces. The experiments were
carried out in a RIE system model 1000 TP manufactured by
the Semi group. Most of the etching was performed at 200-
300 W rf power with a gas flow of 40-80 cc/min and a vacu- 4000

um of 65-80 mTorr inside the chamber. The dc voltage in- ,
duced between the electrodes in the plasma was found to
depend on the gas species inside the chamber and was gener- 3000

ally larger for oxygen compared to hydrogen for the same 0
process conditions. In order to make use of the more expen- V h. Ethn
sive diamond substrates efficiently, most of the etching was Z 2000 After Etching

done on thin (0.25-1.0pm) amorphous carbon films depos- '"

ited on glass slides. The diamond samples were included in
some of the process rins and the etching rate was found to be 1000
proportional to that for amorphous carbon films. The pro-
portionality constant was roughly equal to the ratio of the

30 120 210 300

Channel

Presently at Texas Cenier for Superconductivity, University of Houston, FIG. I. RBS spectrum of thin carbon film on glass before and after etching
TX 77204-5506. for 3 mm in oxygen plasma
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TABLE 1. Heals of formation and reaction rates for forming CO. CO:, and CH, The etching rates obtained with 0, and H, plasma are also shown for
comparison.

Ion energy Etching rate

Gas WHF Log.oWfb (keV) (A/min)

0, - 26.4157(CO) 24.048 0.42 500-600
- 94.052(CO.) 68.091 350-400 (diamond)

H, - 17.889(CH 4 ) 8.899 0.38 300-330

'Standard heat of formation at 25 'C, kcal/g mole.
'Equilibrium constant for the reaction for forming given substance from its elements at 25 'C.

experiments. It was found that adding substantial amounts gen ions available at the surface of the substrate did not de-
of Ar to the reaction chamber did not affect the etch rate. pend strongly on the number of oxygen atoms in the gas

Figure 2 shows the etching rate as a function of the percen- mixture as long as a minimum supply of oxygen wds main-
tage oxygen in the gas mixture for one of the process condi- tained. Therefore, assuming that the etch rate depended only
tions studied during this work. It shows that as we increased on the number of oxygen ions in the reaction chamber, the
the percentage of oxygen from 0 to 100%, the etching rate number of reactive oxygen ions in dynamic equilibrium with
increased rapidly at first and then saturated to a maximum the Ar-0 2 gas mixture is presumably not a strong function of
of 560 A/min. All the other process parameters were kept the partial pressure of 02 in the gas mixture.
fixed for this set of experiments. This suggests that for a In order to increase the etching rate further, the possibil-
given process condition, the concentration of reactive oxy- ity of heating the substrate and using gases like fluorine

needs to be explored. The data on the reaction rate and the
heat of formation of CF4 suggest that the etching rate for

800 RIE using fluorine should be higher than for the case of 02.

In summary, reactive ion etching of diamond and car-
700 bon films with oxygen, hydrogen, and argon-oxygen mix-

tures was studied. The maximum etching rate was obtained
6W .with-oxygen and addition of a substantial percentage of ar-

* II gon did not have any deleterious effect on the etching rate.
5Wo IThis work is supported by the Office of Naval Research

el contract N00014-87-K-0243. We thank Professor M. L.
.4 Swanson for valuable comments and suggestions.
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0 15 35 55 75 95 Lindley, IEEE Electron Device Lett. 8, 341 (1987).
Oxygen(%) 2J. F. Prins, Appl. Phys. Lett. 41,950 (1982).
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1. Abstract
Integrity of adhesion of metals to diamonds which is

imp(3rtant for heat sinks and for electrical contacts to diamonds has

becn a problem for years. We have solved the problem by a pre-
deposition sputtering process. This process, performed at room
temperature, improves the adhesions and the surface smoothness of

"gold films deposited on diamond. Gold films deposited by this process
are not removeable by the "Scotch Tape Adhesion Test." Gold films

deposited without our pre-sputtering process are affected by this test.
SEM morphological studies revealed that the gold films on processed
diamond have no discernible structure whereas normally sputtered
films have a mosaic structure (0.1 to 1.0 micron). Ohmic gold
electrodes are formed on diamond when using this process.

II '[he Process
"'hc basics of the pro-deposition room tel)pcri ture process

1 chemical cleaning of diamond;
2. argon sputtering of diarnond for 15 minutes at

0.2 to 2.0 x 10- 5 torr (argon beam 14 KeV,
.25 milliamps);

" StlI,') (to:(I{ P (Ml'!'ce ofIr NaI'+al 1Rewa,';1"c'h C/orm t N 0014-87-K-0)243.
?,,+jil, (11,1:1 oll'k uv,:11 III this sAtudy werc Contithlw~td by the l'DIlhb~ldcCt I I ;Irris Diamond

{(-o pot attiu , I). I)rukktcr & [ii. N. V., ;nI hc." I)rimoid lzesedrch I.aIiho t[r' ul Ie Bects
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Pil IWpci-tics ()Il thw (iol IlilI inm tlic Pie-dcposi tilof Spu ttered

'llhe gold c filil 115pr odlu ced by thi ll i \V IcC ss have bt ih
sinootlher sur-faces and hligher- adhesion than similar fil ins produneed

by other methods, This Is evident In the structure di fferenices
between adjacent gold films prepared by this new process and b-y
C~onV(in' onal mecthods arc sho-wri in Fienic. 1, and the "Scotchi Tajpe
TeSt" which had no effcct on the gold films in pre-spulter regions of
diamond but (lid affect. gold films in the regions which were not
pr e -sputtered.

The gold films on semiconducting diamiond Aere ohmic.

IV. Conclusions
In comparison with gold films deposited on diamond by

conventional methods, this new room temperature method
produces gold films with:

1. higher adhesion;
2. smoother surfaces;
3. more uniform thicknesses;
4. ohmic electrode properties.

This process is expected to be applicable to other types of
films on other substrates.
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Regrowth of Radiation Damaged Layers in Natural Diamond
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Abstract. The regrowth of radiation damaged layers created by carbon ion implantation

in natural diamond was investigated by the Rutherford backscattering/channehng

technique and by optical absorption. We present the first results of rapid thermal

annealing of the implanted samples directly from the 77K implantation temperature to

11000C as well as data for isochronal annealing. We found that isochronal annealing up

to 900C was more effective than rapid thermal annealing for amorphized samples. The15 -2 15 -2

critical dose for amorphization of diamond was between 1.65x105 cm and 3x105 cm

for 200 keV carbon ion implantation at 77K.



I. Introduction

Doping of diamond by means of ion implantation has been studied over the past

three decades. The success of this method for the activation of dopants is limited by the

difficulty in healing radiation damage created by the implantation. For example, although

the damage produced by 350 keV Sb ion implantation at room temperature below a dose
14 -2

of 0.9x1O cm can be annealed, the activation of dopant atoms is very low[1]. Above
14-2

the critical dose of 1.5xlO14 cm of 350 keV Sb ions, the large amount of radiation

damage causes the diamond to graphitize upon subsequent annealing[l, 2]. Later on,

hot implantations were used in an effort to reduce the radiation damage[3, 4, 5, 6].

Although graphitization can be avoided and a certain fraction of implanted dopant atoms

end up on substitutional sites, the implanted layers contain a dense distribution of

dislocations resulting from the agglomeration of migrating point defects[7]. These

clusters of point defects, which are very stable and can not be removed even at an

annealing temperature of 14500 C[5], tend to compensate any electrical conductivity.

Based on analysis of the previous implantation work carried out at or above room

temperature on diamond, Prins[8] proposed a new approach to dope diamond by ion

implantation. According to his method, diamond samples are implanted at sufficiently

low temperature, e.g. liquid nitrogen temperature, by both carbon and dopant ions and

annealed by rapidly heating to a high temperature directlyafter the implantation.

Presumably this process could attain more activation of implanted dopant atoms because

of the high interstitial and vacancy densities and their proximity to each other. since both

vacancies and interstitials are not mobile at the implantation temperature[9]. It was

unknown, however, wheL er the radiation damaged layers created by ion implantation

could be recrystal!ized after the rapid thermal annealing(RTA). The critical doses of ion
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implantation to create an amorphous layer, and to graphitize the diamond upon

subsequent annealing were also not known. The work reported in this paper addresses

this problem by investigating the regrowth of the radiation damaged layers in natural

diamond produced by carbon ion implantation at 77K, using the Rutherford

backscattering spectroscopy(RBS)/channeling technique and optical absorption

measurements.

II. Experimental

- Four <100> orientation type Ia diamond samples were used in the present study.

Some samples were reused after-removal of the implanted layers by reactive ion etching

using oxygen gas. All four samples had minimum yields less than 5% before

implantation and thus were good single crystals.

All the samples were implanted at liquid nitrogen temperature(77K) in a

nonchanneling direction with 200 keV carbon ions to doses ranging from 1015 to

15 -2 11 2
3xl0 cm . The dose rates were 3.4x10 ions/cm s for samples 1, 2, 3, and 4, and

1Ox0 1 ions/cm 2s for samples 5 and 6. Each time two samples were implanted at the

same time.

Immediately after the implantations, samples 2, 4, 6 were annealed by RTA at

11000 C for two minutes under flowing argon in a quartz chamber. Samples 1, 3, and 5

were kept in liquid nitrogen until mounting into the target chamber for RBS/channeling

analysis at 293K. Channeling measurements were done with 2 MeV He ions. The

backscattered particles were analyzed with a surface barrier detector mounted at 1200 to

the incoming beam. Afterwards samples 1, 3, and 5 were isochronally annealed for one

hour in a vacuum furnace with vacuum better than 3x 10-6 torn. The optical
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measurements in transmission mode were done on samples 2, 4, and 6 before

implantations and after the implantations plus RTA's, and on samples 1, 3, and 5 before

and after the implantations and after each furnace anneal, using a Perkin-Elmer Lambda 9

Spectrophotometer.

III. Results and discussion

In Fig. 1 we present the results of channeling measurements performed on samples

15 -2
1 and 2 implanted with carbon ions to a dose of 1.25x10 cm 2. The aligned spectrum

of the as-implanted sample I (Fig. l(a)) showed a subsurface damage peak indicating a

heavily damaged buried layer about 210 nm below the surface. After RTA on sample 2 at

11000 C for two minutes, the radiation damage was annealed. In this case we infer that

the diamond structure of the damaged layers was retained after the implantation and the

defects were mainly point defects and defect clusters. After heating to 1100 0 C the

diamond structure did not collapse and both interstitials and vacancies were mobile and

quickly recombined to heal the damage. This conclusion was supported by the optical

measurements(see below). In the case of isochronal annealing, some shrinking of the

damage was observed even at 450°C. The 700 C anneal almost completely annealed the

radiation damage as with the RTA. It seemed that relatively few defects remained after

the annealing process probably because the defect density was not high.

Fig.2 shows similar results obtained from samples 3 and 4, which were implanted

15 -2with carbon ions to a dose of 1.65x10 cm"2 The differences from samples I and 2

were that the damaged layer after the implantation was broader and the RBS yield almost

reached the random level, and that the 7000 C anneal left a large fraction of displaced

atoms in the damaged region. At present we don't know whether the annealing
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difference at 700°C was because of insufficient annealing time or because of the

formation of complex defects which could only be annealed at 9000 C.

From the above results we know that both 1.25x105 cm 2 and 1.65x105 cm-2

were below the critical doses for amorphization, and for graphitization upon subsequent

15 -2annealing. We therefore increased the dose up to 3x10 cm . Fig.3 shows the

RBS/channeling spectra of samples 5 and 6. The RBS yield reached the random level

and the damaged layer extended all the way to the surface after the implantation. The

large near-surface damage was surprising in view of the low RBS yields just below the

surface for the samples implanted at 1.25x105 and 1.65x105 cm (Figs. 1 and 2).

The higher dose rate used for samples 5 and 6 could be responsible for this effect. The

lower energy end of the plateau in the aligned spectrum, which corresponded to an

amorphous region, showed a very broad tal(about 102 nm) indicating that the interface

between the substrate and the amorphous region was not sharp. Part of the reason for

this phenomenon could be due to the lowering of densities from diamond to amorphous

diamond, so that the ion range became larger with increasing dose. Here we make a

distinction between amorphous diamond and amorphous carbon. Amorphous diamond

caused by high dose implantation still keeps a large fraction of diamond bonds and

skeletal diamond structure though a large number of graphite bonds are created[10]. The

mechanical properties of the amorphous diamond are essentially the same as that of

diamond. Upon subsequent annealing the diamond structure may collapse to form

graphite[l 1, 1].

After RTA at 1 100 C for two minutes the RBS yield in the aligned spectrum of

sample 6 was still high. This could be due to polycrystalline growth in the amorphous

region due to nucleation at high temperature. The nature of this layer will be studied
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further. Sample 5 was furnace annealed after the implantaton and RBS/channeling

analysis. After the 5000 C anneal for one hour, the channeling spectrum showed a small

amount of epitaxial regrowth from the crystal-amorphous interface and the amorphous

region did not collapsed into graphite. But after the 9000 C anneal for one hour, almost

complete epitaxial regrowth occurred from the crystal-amorphous interface all the way to

about 53 nm below the surface. The surface layer of about 53 nm thick became graphite,

which could be easily scratched off. After being etched in chromic acid the sample was

completely transparent again. We believe two processes competed during the 9000 C

anneal. One was epitaxial regrowth from the interface and the other was graphitization

from the surface. According to Berman's line of the graphite-diamond equilibrium[12,

13], at 9000 C and atmospheric pressure or below, the graphite phase is favored. That

was why the surface layer of sample 5 started to graphitize during 9000 C anneal. But

graphitization results in volume expansion. Therefore if the deep amorphous layers

graphitized, great pressure would be created, thus preventing the graphitization, if the

amorphous region above were still mechanically as strong as diamond. After the

interface moved near the surface to a position where there was not enough strength of the

overlayer to prevent the transformation to graphite, the epitaxial regrowth stopped and

the rest of the amorphous region became grcphite. From this point of view, we could

prevent graphitization by leaving a surface layer of about 53 nm or more unamorphized.

This layer essentially acts as a blocking layer which creates pressure to prevent the

transformation of the amorphous region to graphite in the annealing process. This can be

achieved by deeper implantation and may give us freedom to raise the implantation dose

further.
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From the results obtained on samples 5 and 6 we can see that RTA at 1 1000 C may

not be a better thermal process than isochronal annealing because nucleation in the

amorphous region by RTA results in polycrystals.

Optical measurements were also employed to measure the recovery of the

implantation damage. Fig.4 showed the optical spectra of sample 1 and 2 from 200 nm

to 800 nm, which covers the GR1 absorption band(477-775 nm) and the u.v.-

continuum(300-443 rim). Previous work has established that the GRI band and the

u.v.-continuum are caused by radiation damage in diamond[14]. The transmission

spectra of the as-implanted sample 1 (Fig.4(a)) showed strong absorption in the u.v.-

continuum, which was the common feature observed in all the implanted samples. After

RTA the absorption in the u.v.-continuum of sample 2(Fig.4(b)) was reduced

substantially. This indicated annealing of the radiation damage in the sample, consistent

with the result of the channeling measurement. From Fig.4(a) we can see that the

absorption of sample 1 was reduced after each furnace anneal but not as much as that of

sample 2. This is because the RBS analyzing beam also causes damage deep in the

sample. The spot bombarded by the analyzing beam looks grey after RBS analysis and

turns to brownish after RTA at 1 1000 C for two minutes. This residual damage also

causes absorption in the u.v.-continuum. Our diamond samples were so small that we

can not prevent the brownish spots in optical measurements. Therefore we do not intend

to present the optical data quantitatively.

IV. Conclusion

We have found in this work that the critical dose of implantation for amorphizing
dimod a btwe 165115 -2 ~ 15 -2

diamond was between 1.65x10 cm and 3x10 cm for 200 keV carbon ions.

Below this dose, the radiation damage could be annealed by either RTA at 1100 0 C )r
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isochronal annealing up to 900°C. Above this dose, RTA and isochronal annealing had

very different effects. The isochronal annealing up to 9000 C gave a nearly perfect crystal

in the epitaxially regrown region with a graphite overlayer, whereas the RTA caused

poor crystallinity, presumably because of polycrystalline growth.

The work was supported by the Office of Naval Research contract #N00014-87-K-

0243. We thank Hans C. Hofsiss for helpful discussions and his help in plotting the

figures in the paper. We also thank Barbara Neptune and Mark Kelam for ion

implantation at Microelectronics Center of North Carolina, and Sunil Hattangady for help

in optical measurements at Research Triangle Institute.
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Figure Captions

Fig. 1. RBS/channeling spectra of 200 keV carbon ion implanted diamond samples with
5 -2o

a dose of 1.25x10 15cm : (a) sample 1: random( • ); as-implanted( o ); 450°C(v);

7000 C( + ); 900°C( 0 ); unimplanted( A ); (b) sample 2: random( • ); RTA( 0);

unimplanted( A)

Fig. 2. RBS/channeling spectra of 200 keV carbon ion implanted diamond samples with

a dose of 1.65x105 cm -2 : (a) sample 3: random( - ); as-implanted( o ); 450°C(v);

700 C( +); 900 C( 0); unimplanted( A); (b) sample 4: random( •); RTA( 0);

unimplanted( A ).

Fig. 3. RBS/channeling spectra of 200 keV carbon ion implanted diamond samples with-2ao

a dose of 3x15 cm : (a) sample 5: random(' ); as-implanted( o); 500°C(v); 900°C(

0 ); unimplanted( A ); (b) sample 6: random(.); RTA( 0 ); unimplanted( A).

Fig. 4. Optical transmission spectra of sample 1: (a); and sample 2: (b).
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